Artemis (2017). Functionalisation of Ti6Al4V and hydroxyapatite surfaces with combined peptides based on KKLPDA and EEEEEEEE peptides. Colloids and Surfaces B: Biointerfaces, 160 pp. 154-160.
a b s t r a c t
Surface modifications are usually performed on titanium alloys to improve osteo-integration and surface bioactivity. Modifications such as alkaline and acid etching, or coating with bioactive materials such as hydroxyapatite, have previously been demonstrated. The aim of this work is to develop a peptide with combined titanium oxide and hydroxyapatite binders in order to achieve a biomimetic hydroxyapatite coating on titanium surfaces. The technology would also be applicable for the functionalisation of titanium and hydroxyapatite surfaces for selective protein adsorption, conjugation of antimicrobial peptides, and adsorption of specialised drugs for drug delivery. In this work, functionalisation of Ti6Al4V and hydroxyapatite surfaces was achieved using combined titanium-hydroxyapatite (Ti-Hap) peptides based on titanium peptide binder (KKLPDA) and hydroxyapatite peptide binder (EEEEEEEE). Homogeneous peptide coatings on Ti6Al4V surfaces were obtained after surface chemical treatments with a 30 wt% aqueous solution of H 2 O 2 for 24 and 48 h. The treated titanium surfaces presented an average roughness of S a = 197 nm (24 h) and S a = 128 nm (48 h); an untreated mirror polished sample exhibited an S a of 13 nm. The advancing water contact angle of the titanium oxide layer after 1 h of exposure to 30 wt% aqueous solution of H 2 O 2 was around 65 • , decreasing gradually with time until it reached 35 • after a 48 h exposure, suggesting that the surface hydrophilicity increased over etching time. The presence of a lysine (L) amino acid in the sequence of the titanium binder resulted in fluorescence intensity roughly 16% higher compared with the arginine (R) amino acid analogue and therefore the lysine containing titanium peptide binder was used in this work. The Ti-Hap peptide KKLPDAEEEEEEEE (Ti-Hap1) was not adsorbed by the treated Ti6Al4V surfaces and therefore was modified. The modifications involved the inclusion of a glycine spacer between the binding terminals (Ti-Hap2) and the addition of a second titanium binder
Introduction
Surface modifications on titanium alloys are usually performed to improve osteo-integration and surface bioactivity [1] . Bioactive surfaces interact with their biological environment by water and A number of techniques used to obtain bioactive coatings include plasma spray [14] , electrophoretic deposition [15] , micro arc oxidation [16] , sol gel [17] and biomimetic methods [18] . The technique most commonly used in the orthopaedic and dental industry is plasma spray [14] . During this method high temperatures are normally used in order to coat metallic surfaces with hydroxyapatite followed by a rapid cooling of the coating [1, 19] . As a result, in some cases, heterogeneous hydroxyapatite coatings can be obtained [20, 21] . Therefore, research efforts have been focused to develop alternative surface modifications that are cheaper, use less energy and are more biomimetic. One example is surface modification using NaOH or H 2 O 2 to form surface gel layers, sodium titanate gel and titania, respectively, which induce deposition of hydroxyapatite from simulated body fluid (SBF) environments [22, 23] . Apatite deposition onto sodium titanate gel depends strongly on the sodium ion exchange from the gel with H 3 O + ions in SBF [6] , whereas apatite deposition onto titania gel is associated with the abundance of OH − groups on the surface, presenting a negative charge in SBF [24] .
The titanium oxide layer formed on the titanium surface after treatment with H 2 O 2 presents both acidic (-Ti-O − ) and basic (-Ti-OH 2 + ) moieties in aqueous solution at pH 7.5 [25] . The amphoteric character of the titanium oxide layer promotes electrostatic interactions with organic molecules such as peptides and proteins. Roddick-Lanzilotta et al. [26] [27] [28] have reported electrostatic interactions between modified titanium surfaces and amino acids such as glutamic acid, aspartic acid or lysine; these interactions were highly dependent on solution pH. For example, glutamic acid adsorbs to TiO 2 at higher pH, whereas aspartic acid adsorption is weaker at high pH, but becomes stronger at those pH where electrostatic interactions are favourable [26] . It has also been reported that aspartic acid could bridge two titanium ions via a bidentate coordination at pH = 7 [26] . Understanding the amphoteric behaviour of the titanium oxide layer when interacting with organic materials led to the synthesis of a titanium peptide binder (RKLPDA) by Sano and Shiba, capable of binding to titanium oxide following treatment with H 2 O 2 [25] .
Hydroxyapatite binding proteins such as dentin phosphophoryn, osteopontin, osteonectin and bone sialoprotein (BSP) contain domains rich in aspartic and/or glutamic acid [29] . These two amino acids interact via their carboxyl group with the Ca 2+ ions of the hydroxyapatite crystal surface [30] . Glutamic acid and aspartic acid oligopeptides have been used in bone drug delivery [31] due to their ionic interaction between the anionic oligopeptide and the cationic calcium ion of hydroxyapatite at pH = 7.4 [32] . The aspartic acid oligopeptides with 6 and 20 amino acids had a high affinity with hydroxyapatite but Hunter et al. reported that the interaction had a negative effect on the nucleation of hydroxyapatite during in vitro mineralization [29, 33] . On the other hand, the glutamic acid oligopeptides with 6 and 20 amino acids had a spontaneous interaction with hydroxyapatite and allowed nucleation of hydroxyapatite within the steady-state gel system [29, 33, 34] . The main difference between the oligopeptide types was that at neutral pH, the glutamic acid had a left-handed extended helical conformation, whereas the oligopeptide of aspartic acid had a non-helical conformation [34] .
Creating cost effective multifunctional orthopaedic surfaces that combine bioactivity as well as drug delivery capabilities is highly desirable. The aim of this project is to develop a peptide with the capability to bind to both titanium alloys and hydroxyapatite, and can be used to achieve a biomimetic hydroxyapatite coating on titanium surfaces. The peptide can also be used to functionalise titanium and hydroxyapatite surfaces for selective protein adsorption as well as conjugation of antimicrobial peptides and specialised drugs for drug delivery.
Materials and methods

Peptide synthesis, purification and analysis
All the peptide sequences were synthesised according to the principles of solid-phase peptide synthesis (SPPS). HPLC grade fluorenyl-methyloxy-carbonyl chloride (Fmoc-Cl) protected amino acids and Wang resins were supplied by Novabiochem ® . Analytical grade dimethyl-formamide (DMF), dichloromethane (DCM), and acetonitrile were supplied by Fisher Scientific. Analytical grade piperidine, tri-isopropyl-silane, tri-fluoro-acetic acid (TFA), ninhydrin, 5(6)-carboxy-fluorescein dye (5-FAM) and other reagents used in the synthesis of peptides were supplied by Sigma Aldrich. The different sequences that were synthesized and labelled with 5-FAM are presented in Table 1 together with their isoelectric points that were calculated using the PepCalc online calculator [35] . The purification of the sequences was performed using a preparative high performance liquid chromatographer (Dionex, USA) with a stationary phase of C18-bonded silica and a mobile phase gradient of 0.1 vol% TFA in water and 0.1 vol% TFA in acetonitrile. The peptide aptamer sequences were analysed under the same mobile and stationary phase of the purification technique in an analytical Shimadzu HPLC. The sequence compositions were verified by electrospray mass spectrometry on a Micromass LCT (Waters, UK).
Preparation of surfaces and coatings
Polished to a mirror finish Ti6Al4V plates
Preparation of single-sided polished Ti6Al4V plates of dimensions 10 mm × 10 mm, cut with a guillotine, was carried out by the Struers method of grinding using an MD-Piano disk with water, at 300 rpm and a force of 40 N, until the samples presented with plane surfaces. This was followed by polishing using the MD-Largo with 9 m diamond solution in oil for 5 min, at 150 rpm with a force of 30 N. Final polishing was performed using an MD-Chem disk with 0.04 m colloidal silica solution in 10% v/v aqueous solution of 30% H 2 O 2 , at 150 rpm and a load of 30 N, until mirror finish. Polishing to a mirror finish of Ti6Al4V plates was necessary in order to ensure homogeneity of surface roughness prior to surface modifications by etching and final growth of the titanium oxide layer. The plates were then washed following 15 min consequent ultrasonic baths with deionised water (dH 2 O), acetone, and dH 2 O, before finally being dried at 22 • C. After drying, the plates were etched using a 30 wt% aqueous solution of H 2 O 2 in order to develop a homogeneous TiO 2 layer. After etching, the plates were rinsed three times with deionised water (dH 2 O).
Hydroxyapatite tablets
Hydroxyapatite (HA) powder (Sigma Aldrich, UK, code 21223) was used to make hydroxyapatite tablets; 700 ± 2 mg of HA powder was added to 100 L dH 2 O and the mixture was placed into a home-made stainless steel mould with a 15 mm internal diameter. The tablets were compressed using a screw-driven Instron mechanical testing machine (Model 1195, Instron Corporation, UK), using a maximum compression load of 5 kN and a compression rate of 2 mm/min. The HA tablets were then sintered at 1100 • C for 2 h, followed by controlled cooling at a rate of 20 • C/min, in a furnace (Elite Thermal Systems, UK). After the sintering process three samples were measured with a digital calliper; the mean diameter was 12.30 ± 0.01 mm, and the mean thickness was 2.80 ± 0.04 mm. The tablets were polished with 400 grit carbide paper until the tablets were visibly flat and smooth; residual materials was removed by rinsing with acetone. After each tablet preparation, the mould was cleaned with acetone until the visible residue of hydroxyapatite disappeared, before drying at 20 • C for 3 min. 
Peptide coating
The titanium plates and hydroxyapatite tablets were dip coated for 17 h in 0, 1, 5 and 10 M of 5-FAM labelled peptide solution in phosphate buffer saline (PBS) at pH 7.4 and at a temperature of 20 • C. After the coating procedure, the solution was removed using a micro-pipette (Gilson, USA). The coated titanium plates and hydroxyapatite tablets were soaked in water for 1 min, three consecutive times, and the samples were left at 20 • C in a plastic covered container with silica gel until dried. They were then kept in the fridge and covered with aluminium foil to protect them from exposure to ambient light.
Surface characterisation
The titanium surfaces were imaged with a JEOL 7000 scanning electron microscope (SEM) using an electron voltage of 20 kV and a magnification of X3000. For the fluorescence imaging, a DM6000 Leica microscope was used to track the 5-FAM labelled peptides on the Ti6Al4V and HA surfaces, using a filter according to the requirements for the fluorescent dye used and with an excitation wave length of 495 nm and an emission of 519 nm. The fluorescence intensity is presented in arbitrary units and was calculated using ImageJ (NIH, USA) for three non-overlapping areas, for each sample that exhibited a homogeneous green colour on the surface; the dimensions of each area was 1280 m × 957 m. The fluorescence intensity was not measured for surfaces that did not exhibit a homogeneous colour in the fluorescence microscopy study. The surface roughness was measured using a MicroXAM interferometer (Omniscan, UK) and white light in the visible wavelength range was used. Regions of dimensions 432 m × 321 m were analysed using a 20X lens. A minimum of three regions were recorded per sample in non-overlapping areas. The water contact angle was measured three times per sample in a home-built apparatus using a static drop of deionised water (dH 2 O); the captured images were analysed using ImageJ. 
Results
The titanium surfaces obtained after etching using an aqueous solution of 30 wt% H 2 O 2 for 0, 1, 3, 6, 13, 24 and 48 h were analysed by SEM. Micrographs of (a) the untreated surface and (b) surfaces etched for 24 h are presented in Fig. 1 , showing the topography change caused by the etching treatment. The polished titanium surface was not completely free of surface features, indicating some titanium oxide layer may be present already on the surface. The surface of the etched sample was clearly different with evidence of crystal growth on the surface. Values of surface roughness obtained using white light interferometry are presented in Table 2 . The average roughness (S a ) increased with increasing etching time, and was significantly higher for the treated samples, compared with the polished to mirror finish Ti6Al4V sample.
The wettability study using water contact angle on mirror polished and etched Ti6Al4V samples is presented in Fig. 2 . The study demonstrated that the hydrophilicity of Ti6Al4V surfaces increased with increasing etching time of up to 6 h. The hydrophilicity of the samples etched for 6-48 h was similar for all samples, with a small decrease for the sample etched for 24 h. Fig. 3 shows the fluorescence microscopy images of etched titanium surfaces (etching times of 1 h and 24 h) coated with Ti1 peptide binder. The titanium surface that was not etched prior to coating with the peptide, did not present any fluorescence emission, whereas all etched surfaces showed some peptide agglomerations/clusters. The coating shown in Fig. 3a was not homogeneous (according to Materials and Methods, the fluorescence intensity was measured only for the surfaces presenting a homogeneous green colour), but the fluorescence emission increased as peptide agglomerations were present when the time of etching was longer, suggesting a greater interaction with the peptides. On the other hand, Ti6Al4V etched for 24 h presented a homogeneous green colour, suggesting a homogeneous peptide coating (Fig. 3b ) The fluorescence intensity for Ti1 (RKLPDA) was 157 ± 1 a.u. and for Ti2 (KKLPDA) it was 188 ± 8 a.u.. Ti2 exhibited 16% higher fluorescence intensity when adsorbed onto Ti6Al4V surface, compared with Ti1. Therefore, the titanium peptide binder used in this work was Ti2 (KKLPDA).
The first combined Ti-Hap peptide binder used in this study was the (5-FAM) labelled KKLPDA EEEEEEEE (Ti-Hap1). Fluorescence microscopy of the Ti6Al4V surface etched for 24 h and dip coated in a solution of 1 M Ti-Hap1 in PBS at pH 7.4 exhibited no emission, indicating that the peptide did not adsorb onto the surface. For this reason, three other peptides were designed; Ti-Hap2, Ti-Hap3 and Ti-Hap4. The coatings were prepared following exactly the same dip coating conditions, using Ti6Al4V etched for 24 h. Homogeneous coatings were obtained for all three combined Ti-Hap peptides and the fluorescence intensities were measured. The Ti-Hap4 coated sample exhibited higher fluorescence intensity compared with Ti-Hap2 and Ti-Hap3 (Fig. 4 ). For this reason, Ti-Hap4 was used in solutions of concentration 1, 5 and 10 M to coat titanium surfaces etched for 24 h and 48 h, in order to study (Table 3) , it was noticed that the 48 h samples coated with 10 M Ti-Hap4 exhibited 40% higher fluorescence intensity compared with the rest of the samples, suggesting an enhanced interaction of the peptide with the Ti6Al4V surface. Also from Table 3 , the fluorescence intensity increased with increasing the peptide concentration in the coating solution, as well as with the etching time of the Ti6Al4V surface.
The average roughness (S a ) of the hydroxyapatite surface after polishing, obtained by white light interferometry and shown in Fig. 5 , was S a = 1.42 m, much higher compared with all titanium surfaces. The hydroxyapatite tablets were dip coated with (Fig. 4) . The samples coated with the combined Ti-Hap peptides showed also some adsorption. The Ti-Hap1 peptide showed higher fluorescence intensity compared with the other combined Ti-Hap peptides. Among the modified combined Ti-Hap peptides, the sequence which presented higher fluorescence intensity was the peptide with the glycine spacer (Ti-Hap2). Ti-Hap3 and 4 exhibited similar fluorescence intensities, both lower than Ti-Hap2 (Fig. 4 ). It should be noted, that the setup of the fluorescence microscope was different between Ti6Al4V and HA surface measurements, and therefore comparisons of the measured intensity should not be made between the two different materials in Fig. 4 .
Discussion
The roughness of Ti6Al4V surfaces increased with etching time (24 h and 48 h in 30 wt% H 2 O 2 ) compared with the untreated sample. This is in agreement with a similar study, where a commercial pure titanium grade I was etched with 30% v/v H 2 O 2 ; the surface exhibited nanoscale topographical changes when etched for 1-6 h, but exhibited microscale topographical changes when etched for 24 h or more [36] .
The Ti6Al4V samples etched with H 2 O 2 were more hydrophilic than the polished to mirror finish control Ti6Al4V sample, whereas samples etched between 6 h and 48 h were more hydrophilic compared with those etched for up to 3 h (Fig. 2) . Other studies also showed that the hydrophilicity of titanium oxide and Ti6Al4V increased in samples treated with H 2 O 2 . For example, titanium (IV) dioxide particles after treatment with peroxide became more hydrophilic [37] . Similarly, Ti6Al4V surfaces became more hydrophilic after treatment with aqueous 30 wt% H 2 O 2 [38] . It was concluded that the use of H 2 O 2 resulted in topographical changes, an increase in the oxide layer thickness, and the formation of peroxide complexes such as Ti(IV)O 2 1− , Ti(IV)O 2 2− and Ti(III)O 2 [38] . Generally, it has been reported that hydrophilic surfaces exhibited improved adsorption of peptides and proteins, as well as enhancing cell attachment [24, [38] [39] [40] .
Surfaces etched for 24 h and 48 h exhibited homogeneous coatings with Ti-Hap2-4 peptides, indicating improved interaction. Samples treated with peroxide for up to 13 h displayed visibly heterogeneous coatings (Fig. 3) . A recent fibronectin adsorption study showed that samples of Ti6Al4V pre-treated with peroxide for short periods, e.g., 5 min, did not present increased fibronectin coverage compared with the untreated control sample [38] . A separate study, where the etching time ranged from 1 h to 4 weeks, showed that a significant increase in the adsorption of fluorescein isothiocyanate (FITC) conjugated albumin serum was observed, compared with the untreated control sample [36] . The study suggested that the OH − ions or peroxide complexes on the etched surfaces interacted with the charged protein. Hence, the ionic composition of surfaces plays an important role for the adsorption of proteins onto the etched surfaces.
Sano and Shiba [25] suggested that the Ti1 (RKLPDA) peptide binder can bind to the titanium surface by the cis-folding of P causing an orientation of R and D amino acids to the surface. An electrostatic interaction between the Ti-O − and R, a Lewis base, and an electrostatic interaction between −Ti-OH 2 + and D, a Lewis acid, summarises the attractive interactions between Ti1 and the titanium surface. This suggests that any other cationic amino acid in the first position in the peptide sequence, and/or anionic amino acid in the fifth position in the peptide sequence, can be used to bind to titanium surfaces.
In this study, Ti1 and Ti2 differ only in their first amino acid, which is either R or K. The coatings formed at pH 7.4 on Ti6Al4V with RKLPDA and KKLPDA were both homogeneous, and the fluorescence intensity in Fig. 4 was slightly higher for KKLPDA. It should be noted that the isoelectric points of both sequences are relatively close to 8.8 (Table 1 ). It is likely that the amphoteric behaviour of the etched titanium surfaces at pH 7.4 made the interaction with both peptides possible. The homogeneity of the coating for both cases suggests that R or K can be used in the first position of the sequence. In this study, Ti2, with K in the first position of the peptide sequence, was preferred because it resulted in greater surface adsorption compared with Ti1.
The peptide sequences Ti-Hap2-4 were modified from Ti-Hap1 by adding amino acids between the titanium and the hydroxyapatite peptide binders. TiHap2-4 were found to adsorb on the Ti6Al4V surfaces, whereas the Ti-Hap1 did not. This may be a consequence of the additional negative charge from the glutamic acid coil that resulted in a lower isoelectric point of the peptide (3.65) compared with Ti2 (8.72); furthermore at pH = 7.4, the Ti-Hap1 peptide presented a negative charge that would interact weakly with the amphoteric titanium surface. Although the isoelectric point of Ti-Hap2, modified to include a 4-glycine spacer, was the same as Ti-Hap1, only Ti-Hap2 coating was found to adsorb onto the Ti6Al4V surface. This can be explained by the increase in conformational freedom conferred by the glycine spacer in the sequence, which improves the exposure of the titanium binder to the surface, resulting in improved peptide/surface interactions. The role of glycine spacers between a self-assembly sequence RADA 16-I and the functional biological motif PFSSTKT was reported by Taraballi et al. [41] , who concluded that a glycine spacer of four residues or more can lead to a more stable self-assembling 3D nanostructure and improved exposure of the functional motif to neural stem cells, resulting in improved cell adhesion, viability and differentiation ability. The peptides Ti-Hap3-4 presented an extra sequence of titanium peptide binder KKLPDA, and hence the isoelectric point increased to 3.94 with the addition of two lysines. These sequences had increased net charge and greater distance between each peptide terminal, but the charge of both sequences at pH 7.4 remained negative. The difference between these two sequences was the position of hydroxyapatite and titanium peptide binders ( Table 1 ). The Ti-Hap4 coating at pH 7.4 showed almost double the fluorescence intensity compared with the other sequences. This observation suggests that the order of the charged amino acids in the sequence affects the interaction with the surface.
The coatings on the hydroxyapatite surface were performed with all peptides containing the glutamic acid motif. It was noted that for peptides with higher negative net charge, the adsorption was higher (Fig. 4) . Previous studies reported that the adsorption of proteins on hydroxyapatite was generally better than on titanium. For example Zeng et al. [42] reported that bovine serum albumin was adsorbed twice as much on hydroxyapatite than on pure titanium, whereas Kilpadi et al. [43] reported that both fibronectin and vitronectin were adsorbed on both materials, hydroxyapatite exhibiting higher adsorption than pure titanium once again. Shen et al. [44] reported that the electrostatic energy plays a key role in the interactions between proteins and hydroxyapatite surface, whereas COO − and NH 3 + are the main chemical groups present in model proteins interacting with calcium phosphate surfaces. Based on the above findings in the literature, one would expect that the adsorption of peptides onto hydroxyapatite and titanium surfaces in our case should follow a similar trend. However, direct comparison of the fluorescence intensity between the titanium and hydroxyapatite surfaces was not possible as mentioned earlier and therefore such an argument would not be supported by the data presented here.
Conclusions
The ability of a number of peptide sequences to be adsorbed by Ti6Al4V and hydroxyapatite surfaces was studied. It was shown that longer periods of Ti6Al4V surface treatment with peroxide resulted in increased titanium peptide binder (RKLPDA or KKLPDA) adsorption which may be associated with changes in the topography and hydrophilicity of the surface. Further work needs to be conducted to establish the relationship between roughness, hydrophilicity and adsorption of peptides. A small modification of RKLPDA by replacing one arginine by one lysine, both amino acids exhibiting a cationic charge at physiological pH, resulted in a small improvement of the adsorption intensity for the KKLPDA peptide. Four combined Ti-Hap peptides were synthesised by combining the hydroxyapatite peptide binder EEEEEEEE with the titanium peptide binder KKLPDA in different ways using in one case a 4-glycine spacer. The combined Ti-Hap peptide with the highest adsorption to Ti6Al4V was the Ti-Hap4 at pH 7.4, whereas the highest adsorption ability for hydroxyapatite at the same pH was exhibited by the more negatively charged Ti-Hap1 peptide. Both Ti-Hap2, containing the 4-glycine spacer, and Ti-Hap3 were successfully adsorbed onto Ti6Al4V and hydroxyapatite surfaces. The peptide Ti-Hap4 also bound to both surfaces successfully, suggesting that it could be used for further experiments in an arrangement that contains both materials.
